The inward Na+ current underlying the action potential in nerve is terminated by inactivation. The
preceding report shows that deletions within the intracellular linker between domains m and IV remove inactivation, but mutation of conserved basic and paired acidic amino acids has little effect. Here we show that substitution of glutamine for three clustered hydrophobic amino acids, Ile-1488, Phe-1489, and Met-1490, completely removes fast inactivation. Substitution of Met-1490 alone slows inactivation sign tly, substitution of Ile-1488 alone both slows inactivation and makes it incomplete, and substitution of Phe-1489 alone removes inactivation nearly completely. These results demonstrate an essential role of Phe-1489 in Na+-channel inactivation. It is proposed that the hydrophobic cluster of Ile-1488, Phe-1489, and Met-1490 serves as a hydrophobic latch that stabilizes the inactivated state in a hinged-lid mechanism of Na+-channel inactivation.
Depolarization of the membrane of excitable cells results in a transient inward Na+ current that is terminated within a few milliseconds by the process of inactivation (1) . Perfusion of the intracellular surface of the sodium channel with proteolytic enzymes prevents inactivation, implicating intracellular structures in the inactivation process (2) . The a subunit of sodium channels consists of four homologous domains connected by cytoplasmic linker sequences (3, 4) . Antibodies directed against the intracellular linker between homologous domains III and IV (LiII/Iv; see figure 1 of preceding paper, ref. 5) completely block fast inactivation of affected single sodium channels (6, 7) . Expression of the sodium channel as two polypeptides with a cut between domains III and IV slows inactivation -20-fold (8) , and small insertions in this loop also slow inactivation (9) . Phosphorylation of a single serine residue in LIII/IV by protein kinase C slows inactivation (10) . The preceding paper (5) shows that highly conserved positively charged residues and a highly conserved pair of negatively charged residues in LiII/Iv are not essential for fast sodium channel inactivation, but supports an integral role for LIII/Iv in inactivation of the Na+ channel since deletions of 10-amino acid segments within it completely block fast inactivation. To assess the role of hydrophobic amino acids within LIII/Iv in the inactivation process, site-directed mutants were constructed in which conserved hydrophobic residues were altered, expressed in Xenopus oocytes or transfected Chinese hamster cells, and analyzed by wholecell voltage clamp and single-channel recording.
EXPERIMENTAL PROCEDURES Materials. M13mpl8 was obtained from Bethesda Research Laboratories. pVA2580, containing the full-length cDNA encoding rat brain type IIA Na+ channel a subunit (11, 12) Oligonucleotide-Directed Muagenesi. An EcoRV restriction endonuclease recognition site was added to the polylinker of the M13 vector M13mpl8 (Gibco/BRL) by insertion of the self-complementary oligonucleotide GGATATC-CCATG (13) . A fragment of the rat brain type IIA Na+ channel a subunit (12) , encoding nucleotides 4306-6433, was excised from the full-length cDNA sequence (12) by digestion with the restriction endonuclease EcoRV and inserted into the EcoRV site in MP18RV in an orientation such that the resulting bacteriophage single-stranded DNA would contain the coding strand of Na+ channel a subunit cDNA gene (13) . The resulting construct, MP18RVNC-1, was used as the template DNA for making mutations in LiuIIv. Uracilcontaining single-stranded DNA templates were prepared from MP18RVNC-1 as described (14) . All mutations were made according to the procedure of Ausubel et al. (15) and confirmed by DNA sequencing. EcoRV DNA fragments containing the mutated sequences were inserted into Zem-RVSP6-2580 (16) by standard procedures (13) .
Sodium-Channel Expression inXenopus laevis Oocytes. Fulllength 6.4-kilobase wild-type or mutant Na+ channel a subunit RNA was synthesized in vitro with SP6 RNA polymerame from ZemSP6-2580 templates (17) . RNA encoding the p1 subunit was transcribed from p13l.ClAa (18) . Preparation and maintenance of oocytes and RNA injections were carried out as described in the preceding paper (5 (16) .
Electrophysiological Methods. Electrophysiological recordings from Xenopus oocytes were performed as described by Patton et al. (5) . Patch clamp experiments on mammalian cells were performed in the whole-cell or cell-attached recording configurations as described (10, 16) (Table 1) . Thus, the mutation IFMQ3 results in a specific and potent inhibition of the fast inactivation process.
We examined the role of each amino acid in the hydrophobic cluster IFM (Ile-1488, Phe-1489, Met-1490) in Na+-channel inactivation by replacement of each individually with glutamine (11488Q, F1489Q, and M1490Q). There was little change in the voltage dependence of the peak Na+ conductance for these mutants, but the voltage dependence of inactivation was shifted to more positive membrane potentials for 11488Q (13 mV) and M1490Q (7 mV; Fig. 2 (Fig. 3A) . However, inactivation was clearly incomplete during longer test pulses (Fig. 3B) Consistent with Northern blot results, R-1610 cells expressed very low levels of endogenous Na+ currents when examined in the whole-cell configuration. Small Na+ currents (<100 pA) were recorded in 2 of >30 cells that were analyzed by voltage clamp while the remainder had no detectable Na+ currents. The Na+ currents recorded in transfected R-1610 cells were similar to those recorded in CHO-K1 cells expressing the same type IIA Na+ channel (16) . Expression of the a subunit alone resulted in currents having the characteristic rapid Na+-current inactivation observed in brain neurons (e.g., refs. 21 and 22). Na+ currents recorded from wild-type channels activate and inactivate completely within 2 msec at voltages positive to -20 mV (Fig. 4A) . The time constant for current decay was 0.26 ± 0.05 msec at +20 mV (n = 4). In contrast, whole-cell Na+ currents recorded in cells expressing the mutants activate rapidly but display altered inactivation kinetics (Fig. 4 B and C) . The improved voltage clamp fidelity obtained with R-1610 cells compared to oocytes shows that the fast component of macroscopic inactivation of Na+ currents is significantly slower than wild type in all three cell lines expressing mutant channels. Mutant M1490Q inactivates more slowly (T = 0.94 ± 0.14 msec, n = 5), but inactivation is essentially complete (Fig. 4B) . Mutant 11488Q also inactivates more slowly than wild type (T = 0.87 ± 0.18 msec, n = 4), but its inactivation is incomplete (Fig.  4B ). As observed in Xenopus oocytes, inactivation of mutant F1489Q is dramatically slowed, and most of the Na+ current remains at the end of a 20-msec test pulse (Fig. 4C) . Depolarization to -40 mV or -30 mV produces Na+ currents that do not decay appreciably during the 20-msec test pulse, whereas depolarization to more positive voltages yields Na+ currents with a small component that decays within 5 msec Representative traces of single Na+-channel currents recorded during pulses to -20 mV from F1489Q cells are shown in Fig. 4D . Single wild-type Na+ channels expressed in Chinese hamster cells open once or twice early in a depolarization and then inactivate and remain silent for the remainder of the pulse (22) . Single F1489Q channels open early in the pulse but continue to reopen for the duration of the pulse instead of inactivating. The increased probability of reopening of single channels evidently causes the noninactivating component of Na+ current observed at the macroscopic level. Normalized peak conductance values from experiments like those described in Fig. 1 identify the cluster of hydrophobic amino acid residues at positions 1488-1490 as a critical structural component for fast inactivation. We propose that these residues are an essential part of the fast inactivation gate of the Na+ channel.
Comparison to the Predictions of the Bali-and-Chain Model of Inactivation. Treatment of the cytoplasmic surface of Na+ channels with proteases removes fast inactivation (2, (24) (25) (26) , and the inactivation process itself has little gating charge movement associated with it (27) . Based on these two characteristics, Armstrong and Bezanilla (2, 27) proposed a "ball-and-chain" model of Na+-channel inactivation with three essential structural features: a positively charged inactivation particle ( and a negatively charged receptor site at the intracellular mouth of the Na+ channel that develops a high affinity for the inactivation ball when the channel is activated. The process of inactivation in the ball-and-chain model then involves binding of the loosely tethered ball to its receptor site at the intracellular mouth of the pore and occlusion of the pore.
Our results are consistent with some, but not all, of the features of this original formulation of the ball-and-chain model. As in the ball-and-chain model, we propose that the hydrophobic cluster IFM serves as an essential component of the inactivation particle, which occludes the intracellular mouth of the activated Na+ channel. However, in contrast to the original formulation of the ball-and-chain model, positively charged residues are not required, and hydrophobic forces rather than electrostatic interactions seem to mediate the interaction of the inactivation particle with its receptor.
In addition, the primary structure of LIII/Iv, which positions the IFM hydrophobic cluster only 14-amino acid residues from transmembrane segment IIIS6 in a loop that is predicted to have an ordered, partially a-helical structure (28) and is tethered at both ends, is most consistent with an ordered conformational transition that folds LiII/Iv into the intracellular mouth of the transmembrane pore. A conformational change of this kind is consistent with previous results (6, 7) showing that antibodies against LIII/Iv that block inactivation can only do so by binding to the noninactivated state of the channel, as if their binding site is made inaccessible by the process of inactivation.
Relationship to Inactivation of Shaker K+ Channels. The primary structures and functional properties of mutants that prevent fast inactivation of Shaker K+ channels conform more closely to the predictions of the ball-and-chain model. Both positively charged and hydrophobic amino acid residues are essential components ofthe inactivation gate (29, 30) , although mutations of a single hydrophobic residue, , have the most dramatic effects on inactivation as we have found here for mutation of Phe-1489 on Na+ channels. The inactivation particle is located at the amino terminus of the Shaker polypeptide, at the end of a chain of over 200 amino acid residues from the first transmembrane segment of the molecule. Moreover, reducing the length of this chain region accelerates inactivation while increasing it slows inactivation (29) , and adding the inactivation particle to noninactivating K+ channels as a soluble peptide restores inactivation (30) . These results demonstrate that the inactivation gate peptide has affinity for a receptor located elsewhere in the K+-channel structure and suggest that it may reach its receptor site by restricted diffusion of a tethered-ball structure.
While the inactivation gate of the Na+ channel is not at its amino terminus and there is no significant similarity in amino acid sequence, there are some analogies between the inactivation gating structures ofthe two channel types. LiI/Iv links domains III and IV of the sodium channel a subunit and therefore is the amino terminus of domain IV. Its position between domains III and IV may be similar to the position of the much larger Shaker amino terminus in a homotetrameric Shaker K+ channel. Functional analogies between the inactivation particles of the two channels are suggested by recent experiments in which the addition of a Na+-channel inactivation gate sequence to the amino terminus of a noninactivating Shaker K+ channel by construction of a cDNA encoding a channel chimera results in partial restoration of fast inactivation (31) . Evidently, the mechanism of Na+-channel inactivation is similar, but not strictly analogous, to the ball-and-chain mechanism proposed for K+ channels.
A Hinged-Lid Model of Na+-Channel Inactivation. The loop structure of the Na+-channel inactivation gate differs from that of the K+ channel but closely resembles the hinged-lid structures of allosteric enzymes (32) . Hinged lids have been defined structurally by x-ray crystallography and molecular modeling and therefore provide a valuable model for the unknown structure of the Na+-channel inactivation gate. They consist of structured loops of 10-20 residues between two hinge points and serve as rigid lids that fold over the active sites of allosteric enzymes to control substrate access. Binding of allosteric ligands causes a conformational change of the lid to open or close the active site. By analogy, LII,/IV may function as a rigid lid to control Na+ entry to and exit from the intracellular mouth of the pore of the Na+ channel (Fig. 5 ). This hinged lid may be held in the closed position during inactivation by a hydrophobic latch formed by the hydrophobic cluster IFM. Glycine and proline residues on either side ofthe IFM domain (Fig. 1A) , which are conserved in all five cloned rat Na+ channels that have been functionally expressed, may function as hinge points (33) allowing the inactivation gate region of LIII/Iv to move in and out of the channel pore. Mutation of one of these glycine residues to valine in the skeletal muscle Na+ channel causes paramyotonia congenita (34) .
Mechanism of the Biphasic Decay of the Na+ Current in Mutant Na+ Channels. Comparison of the Na+ currents recorded in oocytes or cultured cells expressing the mutant Na+ channels reveals interesting kinetic differences in inactivation. Na+ currents recorded from mutant IFMQ3 have no More complete single-channel analysis of these mutant Na+ channels is needed to define the rate constants for entry to and exit from the inactivated state of each of these mutants.
